We present an analysis of the behaviour of a perturbed radio cocoon. Comparisons with observations of sound waves detected in the Perseus and Virgo clusters suggest the separations of observed ripples correspond to the natural oscillation frequency of the cocoon. An energy injection rate consistent with active galactic nucleus power is required to offset the strong acoustic damping of cocoon oscillations, suggesting the sources are in equilibrium with the intracluster medium (ICM), and the oscillations are effectively undamped. Viscous dissipation of sound waves provides ICM heating that can quench cooling flows on time-scales greatly exceeding the oscillation time-scale. Thermal conductivity is likely to be heavily suppressed.
I N T RO D U C T I O N
There has recently been considerable interest in the role that radioloud active galactic nuclei (AGN) may play in the hydrodynamics and thermodynamics of the cores of rich clusters, and hence feedback in these systems. The relatively short cooling time of the hot X-ray emitting gas in cores of rich clusters of galaxies when compared to a Hubble time originally led to the idea of a cooling flow (Fabian 1994) . However, recent Chandra and XMM-Newton observations have found no evidence for gas at temperatures below about 1 keV (e.g. Fabian et al. 2001; Tamura et al. 2001; Peterson et al. 2003) . These results suggest that there must exist some mechanism to suppress the cooling flow, and hence some sort of heating is required. Possible sources of this heating include energy ejection from AGN jets (Binney & Tabor 1995; Silk & Rees 1998; Rawlings & Jarvis 2004; Nipoti & Binney 2005; Soker & Pizzolato 2005) , inward thermal conduction from a hot ambient medium (Narayan & Medvedev 2001) , and combinations of the two (Ruszkowski & Begelman 2002) . Recent observations (Kaastra et al. 2004 ), however, find no general correlation between the temperature of the cluster core and the luminosity of any current radio source in the cluster. At the very least the mechanisms by which radio-loud AGN affect gas heating are not trivial. One possibility is the effect of radio relics which may rise buoyantly through the intracluster medium (ICM), dragging the cool central gas with them Churazov et al. 2001; Kaiser 2003) . Other authors have suggested possibilities such as mixing of multiphase gas and small-scale inhomogeneities (e.g. in metallicity; Fabian et al. 2001) . Miller (1986) proposed that gravitational drag due to galaxy motions through the cluster may address the cooling flow problem. The resultant sound waves can propagate inward from outside the cluster core, and their subsequent amplification (Pringle 1989) heating. This picture has the advantage of being able to account for heating in clusters with no strong central sources, such as A1835 (Schmidt, Allen & Fabian 2001) .
The discoveries in the X-ray emission of the signature of shocks and ripples in the gas surrounding the central radio sources in Perseus and Virgo (Forman et al. 2005 ) clusters are extremely interesting. Fabian and co-workers have suggested that viscous damping of sound waves in the cluster resulting from radio-loud AGN activity may provide an efficient mechanism for coupling the AGN energy input to the heating of the cluster gas within the cooling radius. Recently, Reynolds et al. (2005) have performed simulations to follow the evolution of radio sources in a viscous intracluster medium. The suggestion by Fabian et al. was that intermittent radio sources could produce the numerous features they observe.
In this paper, we investigate the generation of sound waves from a cocoon which is just coming into pressure balance with the ICM (prior to becoming a buoyant relic). At the evolutionary stage of the radio source when its cocoon pressure first becomes comparable to the external pressure, the radio source will still be expanding (e.g. Alexander 2002) and will therefore 'overshoot' equilibrium. The cocoon will subsequently oscillate about its equilibrium value, and in so-doing it will generate sound waves. It is this process and the associated sound waves which we investigate in this paper. The paper is structured as follows. In Section 2, we construct a model for the damped oscillations of an idealized cocoon. In Section 3, we consider the propagation of the sound waves produced in this process, and in Section 4 apply the results to the available observational data. Finally, in Section 5, we discuss the implications of this analysis for the heating of clusters. medium, driving a bow shock ahead of an expanding cocoon. As discussed in the introduction, the observations of radio relics require modifications to the theoretical model. In this section, we investigate a simple model for the behaviour of a cocoon as it first comes into pressure balance with the ICM. We model the cocoon as an idealized light spherical bubble which is undergoing smallamplitude oscillations. In this analysis, we will consider the cocoon to be stable to the Rayleigh-Taylor instability. In Section 5.2, we show that this is a good assumption for the cocoons observed in the Perseus and Virgo clusters.
We consider a bubble of radius a initially at pressure equilibrium with the ambient medium, p = p 0 , which is perturbed to a radius a + x. If the gas within the bubble is adiabatic, there is a corresponding pressure change given by δp =
. This perturbation will cause the bubble to oscillate. The oscillation must be damped, as we discuss below, and assuming damping of the form bẋ, the amplitude is given by the usual form
where as normal the oscillation frequency is ω b = ω 0 2 − β 2 , the damping is β = b/2m, and
is the undamped (resonance) frequency of oscillation, with m the effective mass of the oscillator. The oscillating cocoon will emit sound waves into the external gas, and this is also the cause of the damping. We now consider the hydrodynamics of the cocoon plus this external gas.
Perturbations at cocoon surface
Suppose the density and pressure just outside the cocoon are given by
where ρ 0 , p 0 are unperturbed ambient density and pressure, respectively, and ρ 1 , p 1 are perturbations due to cocoon oscillations. The continuity and Euler equations governing fluid motion are
In an initially hydrostatic atmosphere, we have v = 0 and hence ∇p 0 = ρ 0 g. Observational evidence Forman et al. 2005 ) suggests we can reasonably assume an isothermal power-law atmosphere, with ρ 0 (r) = ρ a (r/a) −d where ρ a is the ambient density just outside the bubble of radius a. Assuming spherical symmetry we then have g = −c 2 (d/γ r), with γ = 5/3 the gas adiabatic index. To first order, the governing equations become
where v is the perturbed velocity in the gas. Taking the time derivative of the continuity equation, and divergence of Euler's, a differential equation in ρ 1 is obtained in spherical polar coordinates,
For a solution of the form ρ 1 = 
which has solution
Since ( ∼ 0.04, and since the cocoon radius is observed to be comparable with the wavelength (e.g. a = 6 kpc and λ = 11 kpc in Perseus; Fabian et al. 2003) this condition is satisfied. Furthermore, k(r) must therefore be a slowly varying function, justifying the approximate solution. We note that exactly the same result (but without the need to constrain k) is obtained for a planar atmosphere. The continuity equation (5) 
where A = ka = ω b (a/c) and B = β (a/c) are dimensionless quantities of order unity, and ξ = r/a is another convenient dimensionless parameter. The boundary condition on the cocoon surface gives 
Radiative damping
Three mechanisms will contribute to the damping of bubble oscillations (Leighton 1994): loss of energy through radiation of acoustic waves, thermal conduction between the bubble and the ICM, and damping due to gas viscosity. Radiative damping dominates viscous effects on the astronomical scales of interest, while conduction is probably largely suppressed by magnetic fields (e.g. Ettori & Fabian 2000) and is at any rate relatively insignificant. These claims are justified in the following section, and therefore it is acoustic damping that we examine here. The resistive force generating the damping is 4πa 2 c 2 ρ 1 = Zv, and thus from equations (10) we find, at r = a, The oscillator mass can be written in the form
Here, m i is the inertial contribution from the propagation of the sound waves in the gas outside the bubble and is given by
The mass of the gas within that radius is just m g . For a typical radio cocoon a few kpc in size and with local sound speed ∼ 10 6 m s −1 (e.g. Fabian et al. 2003; Forman et al. 2005 ) the bubble sound crossing time is ∼ few ×10 6 yr. By comparison, observations (e.g. Fabian et al. 2003) suggest the oscillation period is greater than 10 7 yr, and thus we can assume the bubble to also have a uniform density. Since the bubble is light, we write for the bubble density ρ b = μρ a where μ < 1. Equations (12) and (13) then yield
The real part of Z gives the resistance of the system, b = (Z), and thus we obtain the acoustic damping on the cocoon,
We also have an expression for the resonance frequency ω 0 (equation 2). Combining this with our expression for oscillation frequency ω b gives
The last two equations can be solved simultaneously for A and B. In Fig. 1 (a), we plot the damping parameter B, while the damping of the cocoon oscillations after one cycle [given by e −β(2π/ω b ) = e −2π(B/A) ] is shown in Fig. 1(b) . It is evident that the oscillations are very rapidly damped regardless of the value of μ, and thus for detectable sound waves to exist for any considerable length of time, some energy injection (presumably from the central engine) is required to offset this efficient radiative damping. In Section 5.1, we show that this required energy injection rate agrees well with the average radio source power. Then, as the supplied energy is radiated away acoustically by cocoon oscillations, the problem can be treated as one of undamped oscillations (at the natural frequency of the cocoon) with no energy injection.
Oscillation at natural frequency
It is not immediately obvious that the energy supply from the radio jet can happen in a way that would allow the natural oscillations of the cocoon to occur. The situation is analogous to a forced oscillator, where a constant driving force would result in a steady expansion, while a periodic force would cause the system to oscillate at the driving frequency. Theoretical (e.g. Tucker & David 1997; Omma & Binney 2004 ) and observational (e.g. Giovannini et al. 1998; Giovannini, Taylor & Arbizzani 1999; Venturi, Dallacasa & Stefanachi 2004) evidence suggests that radio jets are intermittent and thus, continuing with our analogy, it makes sense to consider a stochastic forcing term. Gitterman (2005) argues that stochastic resonance occurs in linear systems even when the forcing term is colour noise.
Fourier methods (e.g. Marion & Thornton 1988) can be used to solve the damped simple harmonic oscillator (SHO) equation with a forcing term. A stochastic forcing term has a harmonic component at every frequency (Klyatskin 2005) , and thus zeroes of the FourierTransformed homogeneous damped SHO equation in frequency space are simple poles in the solution for displacement. It then immediately follows from residue calculus and the nature of the Inverse Fourier Transform that the system oscillates at its natural frequency. We note that this approach is invalid for a periodic forcing term since no simple poles exist in this case unless the forcing term varies with the natural frequency of the system. However, since there is no physical reason to expect the jet outbursts to occur at regular intervals, a stochastic forcing term is appropriate and our analysis remains applicable. Thus, we expect even irregular perturbations of the radio cocoon by AGN outbursts to result in generation of waves at the same frequency, simply equal to the natural oscillation frequency of the cocoon. This offers an alternative to the Fabian et al. (2005) picture of bubble inflation and subsequent breaking away due to buoyancy (Churazov et al. 2000) . In that case, even a constant power jet will generate many bubbles, and the period of the sound wave will be equal to the bubble repetition time. All bubbles are blown to the same size until they reach pressure equilibrium with the ICM, yielding a constant oscillation frequency. The question then is whether the time required to blow such a bubble is consistent with the observed ripple wavelengths. By contrast, in our model we expect the cocoon to oscillate at its natural frequency in the case of a more realistic 'noisy' jet.
In the case of such undamped oscillations we effectively have B = 0, and equation (16) yields
Solutions for the wavelength of emitted sound waves λ = (2π/A)a in the damped and undamped case are plotted on the right of Fig. 1 . Clearly, shorter wavelengths are predicted in the undamped case for all values of μ. We also note that for μ > ∼0.25 we predict wavelengths in the range 2.5-3 times the cocoon radius in the damped case, with the exact value being a very weak function of the density contrast.
Assuming undamped oscillations (i.e. β = 0 and hence B = 0), real parts of expressions in equation (10) give the amplitude of wave velocity,
and the amplitude of the density perturbation due to an undamped propagating wave,
Viscous cocoon damping
We are now in a position to justify our earlier claim that acoustic damping dominates any viscosity affecting the oscillations. From given the typical quantities for sound speed c ∼ 10 6 m s −1 , cocoon radius a ∼ few kpc, and ambient particle density n 0 ∼ 0.1 cm −3 . Therefore, acoustic damping clearly dominates viscous effects on the cocoon, and given the likely high suppression of thermal conductivity (e.g. Ettori & Fabian 2000 ; also discussed in Section 4.2), the above analysis is valid.
P RO PAG AT I O N O F S O U N D WAV E S
The sound waves will be dissipated viscously and thermally as they propagate through the cluster. It is viscous dissipation that we consider here, adopting the Spitzer viscosity in the form discussed above. The full Navier-Stokes equation, even assuming spherical symmetry, is too complicated to allow an exact analytical result. However, since we noted above the similarity of our solution to the inviscid problem in a planar atmosphere, for an approximate analysis we use the simpler plane wave solution to estimate viscous effects. For such a wave, an extra b t) , the resultant dispersion relation is
where k = k 1 + ik 2 . Typically, , and hence the ripple wavelength is equal to the cocoon oscillation wavelength.
Viscous damping is given by the second term in the expression for k 2 . The deviation due to sound waves from the underlying ambient density profile can then be calculated from equation (19) scaled by the viscous attenuation factor e −α(r) , where
. Then, relative to the first compression/rarefaction (corresponding to r = a + λ or r = a + 1 2 λ) we predict
O B S E RVAT I O N S O F S O U N D WAV E S I N T H E I C M
Sound waves have been found in the intracluster gas of the Perseus and Virgo (Forman et al. 2005) clusters. In this section, we use the equations of Sections 2 and 3 to predict the relative amplitudes and separations of the 'ripples' (overdensities) produced by the travelling sound waves, and compare these with the observations.
Physical parameters in Perseus and Virgo

Perseus cluster core
Two diametrically opposed X-ray cavities are observed around the centre of the Perseus cluster, Abell 426 (Böhringer et al. 1993) . These have formed as a result of the X-ray gas being pushed out by the radio plasma driven by the powerful radio source 3C 84 (Pedlar et al. 1990 ). Fabian et al. (2003) observed sound waves around both radio cocoons, but these are much clearer in the vicinity of the northern one. In addition, it possesses a much more spherical morphology, and it is therefore the ICM around this northern cocoon that we probe to test our model. The edge of the radio bubble is marked by a rise in density due to a bright shell of swept-up X-ray gas, and from the density profiles in fig. 7 of Fabian et al. (2003) and fig. 2 of Fabian et al. (2000) we can thus take the cocoon radius to be ∼6 kpc. We also adopt μ ∼ 0.3 to account for the gas swept up by the cocoon during its growth phase. We note that our model results are not very sensitive to the precise value of μ provided μ > ∼ 0.25. The sound speed at the bubble surface is 1.17 × 10 6 m s −1 , corresponding to a temperature of 5 keV . The ambient density (Fabian et al. 2000 Sanders et al. 2004 ) is well fitted by a power-law profile n 0 (r) = n a ξ −d discussed in Section 2.1, with density just outside the bubble n a = 0.116 cm −3 and exponent d = 0.76. 
Virgo cluster core
Similar ripples were also observed by Chandra in M87 in the Virgo cluster. Although these can be interpreted as shocks (Forman et al. 2005) , as in the case of Perseus ) lack of any meaningful temperature confirmation suggests the ripples could arise due to sound waves resulting from nuclear activity (Young, Wilson & Mundell 2002) . The central radio cocoon is non-spherical, with semimajor and minor diameters of ∼40 and 15 arcsec, respectively. We thus adopt the mean of these as our cocoon radius, corresponding to ∼ 0.8 kpc. The X-ray gas temperature is 2.3 keV (Gastaldello & Molendi 2002; Forman et al. 2005) , and hence the sound speed c = 0.79 × 10 6 m s −1 . The ambient density is described by n a = 0.11 cm 
Ripple wavelengths and amplitudes
In Perseus, for μ = 0.3 equations (15) and (16) predict a wavelength of 15.1 kpc for damped cocoon oscillations; while equation (17) gives 8.6 kpc in the undamped case. Both agree well with the observed wavelength of ∼11 kpc , and since the predicted wavelength is directly proportional to cocoon radius a, realistic uncertainties in this parameter alone are sufficient to account for the differences between predicted and observed ripple locations. At least three or four ripples are observed which, given the heavy acoustic damping discussed in Section 2.2, suggests that there must be some energy input to the cocoon to match the acoustic losses. In Fig. 2 , we plot the ripple amplitudes predicted under this assumption by equation (21). The three curves correspond to predicted amplitudes in the absence of gravitational wave attenuation (top) and viscous dissipation (middle), and using the full equation (21) with dynamic Spitzer viscosity in Perseus of η ∼ 153 kg m −1 s −1 (bottom curve). Also plotted are the observed values for ρ 1 (r), found by subtracting the best-fitting power-law ambient density profile from the observed profile , and fitting a damped sinusoid to the residual. Clearly, inclusion of both the gravitational attenuation and Spitzer viscosity provides a very good fit to the data. The best fit is obtained with η ∼ 200 kg m −1 s −1 , setting a limit on the effects of thermal conductivity, since we expect the thermal contribution to the 'effective viscosity' to be 1 2 κ( (Landau & Lifshitz 1959) . For hydrogen, this sets the observed value κ ∼ 3.9 × 10 6 J s −1 K −1 m −1 , which is over an order of magnitude less than the expected 1.28 × 10 8 J s −1 K −1 m −1 . We thus conclude that thermal conductivity is significantly suppressed in the Perseus cluster in a similar way to A2142 (Ettori & Fabian 2000) . This also justifies our claim in Section 2.4 that we only need to consider acoustic damping of the radio cocoon.
In Virgo, enhancements in X-ray emission are detected at 3.9 and 14 kpc from the AGN (Forman et al. 2005) , giving a ripple separation of ∼10 kpc. Equations (15) and (16) and Fig. 1(c) then set μ ∼ 0.19. In general, the non-spherical shape of the cocoon makes it difficult to draw conclusions with any certainty.
D I S C U S S I O N
Energy supply to the cocoon
While any central outburst can set the cocoon in oscillation, the validity of our model may be tested by setting limits on the mean AGN power. It was argued in Section 2.2 that the cocoon oscillations must be effectively undamped in order to explain the observed sound waves, and that energy injection into the cocoon, equal to the rate of radiative energy dissipation, is thus required. Averaged over a cycle, this energy injection is related to cocoon oscillation velocitẏ x and acoustic damping β via Q = bx 2 = 2βmx 2 . We find β and m from equations (11) and (14), in both cases taking B = 0 since the oscillations are actually undamped. Then,
For undamped oscillations, the cocoon radius is given by r = a + x 0 e −iωτ , or ξ = 1 + e −iωτ where = x 0 /a is the dimensionless oscillation amplitude. Using equation (18) for oscillation velocity, we havė dy.
The fractional amplitude of oscillation can be obtained from the magnitude of observed ripples via equation (19),
For Perseus, the first minimum in ρ 1 is located at r = 12 kpc, and we have 0.102 ≤ (ρ 1 /ρ a ) ≤ 0.148, yielding 0.42 ≤ ≤ 0.61. This in turn gives 2.6 × 10 36 ≤ Q ≤ 2 × 10 37 W. By comparison, assuming a maximum age of 10 8 yr for the radio source 3C 84 (Pedlar et al. 1990 ), a minimum energy injection rate of 3.2 × 10 36 W is required to account for the total relativistic particle energy of 10 52 J in the radio halo. The uncertainty in the first ripple (r = 3.9 kpc) amplitude in Virgo is much higher. Taking a reasonable oscillation amplitude of 0.4 ≤ ≤ 0.7 we have few × 10 35 ≤ Q ≤ few × 10 37 W. These values are consistent with both the mean outburst power of 2.3 × 10 36 W (Forman et al. 2005) , and current AGN power of a few × 10 37 W (Owen, Eilek & Kassim 2000) . Thus far we have assumed that once the cocoon oscillations are set up, the cocoon radius stays constant, and all the supplied energy goes towards sustaining these oscillations. However, for realistic energy injection scenarios the efficiency of sound wave generation is always less than unity due to a substantial fraction of injected energy going into the enthalpy of the bubble. Simple arguments suggest pdV work done by the bubble on the external medium is available for transfer into sound waves; while the internal energy increases by pdV/(γ − 1). For an adiabatic index of γ = 5/3, this yields the fraction of energy going towards increasing bubble enthalpy f H = 0.6. Hydrodynamical simulations of intermittent energy injection in the Perseus cluster by Ruszkowski, Brüggen & Begelman (2004b) give f H ∼ 0.35, with the fraction of energy carried off in sound waves being slightly higher than analytical predictions due to the bubble being marginally overpressured with respect to the ICM.
As the bubble grows, however, it becomes a less efficient radiator of sound waves. If the bubble expansion speed is much less than the local sound speed, it can effectively thermalize, and all the injected energy will go towards increasing the bubble enthalpy. Hence to generate and sustain sound waves, the amount of energy injected in each burst must be comparable to the internal energy of the bubble. For a similar pattern of energy injection -such as white noisethe efficiency of sound wave generation will therefore decrease with time, as the bubble radius and enthalpy increase. In modelling intermittent energy injection in the Virgo cluster, Forman et al. (in preparation) estimate that for an average energy injection rate of a few ×10
35 W (corresponding to our assumed lower limit on ) the fraction of energy transferred to the ICM drops from ∼0.06 (i.e. f H ∼ 0.94) 10 Myr after the oscillations are set up, to ∼0.02 after 30 Myr. A similar calculation using the mean outburst power of a few × 10 36 W yields acoustic efficiencies of ∼0.2 after 10 Myr, and ∼0.08 after 30 Myr (E. Churazov, private communication). Thus, although the exact values will depend on the precise manner of energy injection (with sharper bursts resulting in greater sound wave efficiencies), these numbers suggest that, typically, only a few oscillations can be sustained before essentially all the energy is channelled into bubble enthalpy. Observationally this is confirmed by the presence of only a few ripples in M87: it has been argued that the first of these originated from the initial outburst that inflated the bubble; while the others come about due to the bubble perturbing the surrounding ICM (Forman et al., in preparation; Forman et al. 2005) .
It should be noted that, using the Perseus parameters with an average jet power of 3 × 10 36 W, energy injection over 40 Myr (corresponding to about four oscillations) will increase the bubble radius by only 40 per cent, even in the case of all the supplied energy going to the expansion of the cocoon (i.e. f H = 1). For f H = 0.35 (as in Ruszkowski et al. 2004b) , the radius increases by only 18 per cent. Thus, as a first-order approximation the bubble radius can be taken as constant on the time-scales of interest, and the main effect of having f H > 0 is to radiate less energy acoustically. The jet powers required to offset the rapid acoustic damping are then a factor (1 − f H ) −1 greater than the values derived above, and thus still in agreement with observations for the range of efficiencies discussed here. Smaller cocoon sizes in Virgo mean that the radius can increase appreciably on these time-scales, and the constant radius approximation is therefore less accurate in this case.
Observed cocoon sizes provide a further consistency check of our model. The radio cocoon will expand following the initial outburst until the amplitude of cocoon oscillations is large enough for the injection and radiation rates to balance. In this scenario, the initial oscillation velocity of the cocoonẋ| a , given by setting ξ = 1 in equation (22), will be equal to the expansion velocity at equilibrium radius r = a. Energy conservation arguments (Heinz, Reynolds & Begelman 1998; Alexander 2002 ) relate this velocity to Q and a via Q = 15 8 πa 2 ρ a (ẋ| a ) 3 , and we can thus solve for the cocoon radius. This approach predicts, in agreement with observations, values of the order of 1 kpc for both Perseus and Virgo, with a ∝ (1 − f H ) −1/3 . Once the source becomes quiescent, the oscillations are quickly damped acoustically and sound wave production ceases as a result.
Cocoon stability
Hydrodynamic simulations show that radio bubbles inflated by AGN jets are very rapidly disrupted by surface instabilities on timescales of ∼10 7 yr (DeYoung 2003) as they rise through the cluster gas. As our oscillation time-scales are of the same order (9 × 10 6 yr for Perseus and 1.2 × 10 7 yr for Virgo), it is important to investigate whether the oscillating bubble is sufficiently stable to survive several oscillations.
For oscillations in an ideal fluid, the cocoon surface will be Rayleigh-Taylor unstable for at least half of each cycle, with perturbations growing exponentially with time on all length scales. The situation changes however when we consider the magnetic field in the ICM and/or the cocoon. As the cocoon is initially inflated, magnetic field along with the ambient gas is swept up just ahead of the cocoon. The magnetic field thus forms a sheath around the cocoon, and we expect the field lines to be predominantly parallel to the cocoon surface (DeYoung 2003) . This provides an effective surface tension that suppresses the growth of short-wavelength modes. The largest wavenumber for any growing instability (Lang 1978) 
1/2 , where σ = B 2 /2πμ 0 k is the surface tension due to the magnetic field. heating / cooling rate r / kpc Figure 3 . Logarithmic plot of heating-to-cooling rate ratio in Perseus (solid) and Virgo (dashed curves) using Spitzer viscosity. The top set of curves corresponds to oscillation amplitudes of = 0.5 for both clusters, and bottom set to = 0.1. Heating clearly dominates over the spatial scales of interest in the Perseus cluster, allowing for cooling flow suppression on time-scales greatly exceeding the radio source lifetime; while in Virgo even for large oscillations cooling flows can be quenched only on time-scales comparable with the oscillation time-scale.
The corresponding maximum frequency is found via the dispersion relation, ω 2 max ≈ −g eff k crit ; and the e-folding time (i.e. time for the instability to grow by a factor of e) is t e = 1/ω max . The effective gravitational acceleration g eff is a combination of the term due to the gravitational potential of the well, g grav , and the actual acceleration of the oscillating cocoon, g osc . Using equation (18) we find
at the maximum bubble radius of a + x 0 . Fabian et al. (2002) estimate equipartition magnetic field strength in the northern X-ray hole in Perseus to be ∼ 120 μG. For Virgo, we adopt B mag = 50 μG, a typical equipartition value in cooling flow cluster cores (Carilli & Taylor 2002) . Assuming ρ ICM ρ bubble (i.e. a very light bubble) and oscillation amplitudes of ∼10 per cent, we find the minimum e-folding times to be 5.5 × 10 7 yr for Perseus, and 1.4 × 10 8 yr for Virgo. As these are significantly in excess of our oscillation time-scales of ∼10 7 yr, both cocoons will therefore be Rayleigh-Taylor stable. We note that magnetic fields (Kaiser et al. 2005 ) and ICM viscosity have similarly been found to stabilize the rise of bubbles through the cluster gas by suppressing Rayleigh-Taylor and Kelvin-Helmholtz instabilities, and therefore would both further stabilize the cocoon.
Energy dissipation in the ICM
The sound wave energy will be viscously and thermally dissipated as these travel through the ICM. For a plane wave, the heating rate, just equal to the rate of mechanical energy dissipation per unit volume (Landau & Lifshitz 1959) , is
where v is once again given by the undamped equation (10) attenuated by e −α(r) . The cooling rate per unit volume can be found from the model of Sutherland & Dopita (1993) . Under the assumption of the gas being fully ionized with hydrogen and helium fractions of 0.75 and 0.25, respectively, and for metallicity 
where T is in keV and n a in cm −3 . Total heating and cooling rates can be obtained by integrating the above equations over dissipation volume. The resultant heating/cooling rate ratios for the two clusters are shown as a function of distance from bubble centre in Fig. 3 . In Perseus, for the derived oscillation amplitude of = 0.5 the heating dominates cooling within the central 80 kpc of the cluster, and thus cooling flows can be suppressed. Ruszkowski et al. (2004b) also predict an almost uniform heating-to-cooling ratio for viscous heating due to viscously rising bubbles. However, in their case this ratio is close to one, whereas we expect the heating rate to exceed cooling by one to two orders of magnitude in the central regions. Given the cocoon oscillation period of ∼10 7 yr, this implies cooling flows must be maintained for at least a few hundred Myr to offset the resultant energy injection. This suggests that even a presently quiescent source (e.g. A1835; Schmidt et al. 2001 ) may affect the energetics of the cluster significantly.
It is significantly more difficult to perform a similar analysis for Virgo due to the large uncertainty in cocoon oscillation amplitude . Taking = 0.5 (as observed in the Perseus cluster) we find that heating exceeds cooling throughout the central 80 kpc, and thus cooling can be suppressed. However, the two rates are of comparable magnitude in the innermost regions, and we therefore do not expect the cooling flows to be quenched on time-scales greatly exceeding the sound wave generation time-scale. Taking = 0.1 as the lower limit on oscillation amplitude, cooling dominates throughout the central regions (r < 30 kpc) of Virgo. By contrast, the same amplitude in Perseus would still allow the cooling flows to be suppressed by a factor of a few. We thus tentatively conclude that sound wave dissipation may be responsible for quenching of cooling flows in the Virgo cluster.
S U M M A RY
We have analysed the behaviour of an initially perturbed radio cocoon. Comparison with observations in the Perseus and Virgo clusters suggest the separations of observed ripples correspond to the natural oscillation frequency of the cocoon, providing an alternative explanation to the weak shocks suggested by Fabian et al. (2003) . Acoustic damping of cocoon oscillations is very efficient, implying the need for a continuous energy supply from the active nucleus. An appreciable fraction of this energy will go towards increasing the cocoon enthalpy, however the energy injection rate required to sustain a few oscillations is consistent with known AGN power in both Perseus and Virgo. The sound waves are viscously damped as they propagate through the cluster gas, with thermal conductivity likely to be greatly suppressed. The dissipated energy can be sufficient to quench cooling flows in cluster centres even after the oscillations cease.
